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We investigate the ultrafast spin dynamics in an epitaxial hcp(11¯00) cobalt thin film. By perform-
ing pump-probe magneto-optical measurements with the magnetization along either the easy or hard
magnetic axis, we determine the demagnetization and recovery times for the two axes. We observe a
35% slower dynamics along the easy magnetization axis, which we attribute to magneto-crystalline
anisotropy of the electron-phonon coupling, supported by our ab initio calculations. This points
towards an unambiguous and previously undisclosed role of anisotropic electron-lattice coupling in
ultrafast magnetism.
Ultrafast quenching of magnetic order at sub-
picosecond time scales triggered by femtosecond laser
pulses and its subsequent recovery were observed in a
ferromagnetic nickel thin film in the pioneering experi-
ment by Beaurepaire et al. [1]. Since then, many experi-
ments have confirmed the occurence of this phenomenon
in metallic thin-film ferromagnets [2–19]. Significant the-
oretical progress [20–26] has been made towards finding
the fundamental microscopic mechanisms able to explain
how angular momentum is lost and recovered at these
ultrafast time scales, orders of magnitude faster than ex-
pected, e.g. by the textbook Landau-Lifshitz theory [27].
Despite a two-decade long quest, a complete understand-
ing of the phenomenon is still lacking.
The role of the lattice in ultrafast magnetism has been
discussed since the early years following the pioneering
experiment. The Elliott-Yafet-type spin-flip scattering
was put forward as a possible mechanism through which
angular momentum can be transferred from the spin sys-
tem to the lattice, although the efficiency of this mech-
anism has been debated [22, 23, 28–30]. Surprisingly,
only very few experimental studies [31–35] have investi-
gated epitaxial systems, where the crystalline structure
of the sample can be properly modeled. Recently, us-
ing femtosecond x-ray diffraction, it was observed that a
femtosecond optical pulse can trigger ultrafast coherent
terahertz longitudinal acoustic phonons (up to 4 THz) in
an epitaxial iron thin film [34], disproving the common
assumption that the lattice cannot respond coherently on
ultrafast time scales. Even more recently, another ultra-
fast x-ray experiment on a similar iron film [35] suggested
the possibility of the ultrafast version of the Einstein-
de Haas experiment, where the demagnetization of the
material is compensated by a coherent mechanical ro-
tation of the body, in this case, driven by generation
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of transverse acoustic phonons at terahertz frequencies.
Notwithstanding, the unambiguous detection of the in-
volvement of the lattice structure in ultrafast magnetiza-
tion dynamics is still to be achieved.
In this Letter, we investigate a different model sys-
tem, an epitaxial hcp(11¯00) cobalt thin film, which we
probe with a femtosecond optical pump-probe setup. Us-
ing the time-resolved magneto-optical Kerr effect (TR-
MOKE), we measure the demagnetization and recov-
ery of the sample magnetization on the femto- and pi-
cosecond time scales. The magnetization is set along
the easy or hard magnetization axis, which corresponds
to two orthonormal lattice directions in the thin film
plane. Surprisingly, there do not yet exist systematic
studies on possible anisotropic ultrafast spin dynamics in
epitaxial model systems with strong magnetocrystalline
anisotropy, which would allow to pin-down the role of
the orientation-dependent electron-phonon coupling. In
the following, we show that our measurements are able
to reveal distinct magnetization dynamics coupled to the
anisotropic lattice structure, even without the atomic res-
olution given by an x-ray probe, and that is consistently
explained by ab initio calculations of the anisotropic
electron-phonon interaction.
A 15-nm-thick epitaxial hcp(11¯00)-cobalt thin film
was grown as Co[11¯00] on a MgO(110) substrate and a
Cr(211) seed layer. The Co layer was capped with a
3-nm-thick Pt layer. The easy axis of magnetization is
along the c−axis [0001] and lies in the plane of the film, as
shown in Fig. 1(a). The hard axis of magnetization [112¯0]
is perpendicular to it and also in the sample plane. This
strong in-plane magnetic anisotropy of the film enabled
us to measure the ultrafast demagnetization along two
different crystalline orientations by a simple in-plane ro-
tation of the sample, as shown schematically in Fig. 1(b).
Magneto-optical loops along the easy (orange) and hard
(blue) magnetization axes measured with the longitudi-
nal MOKE are shown in Fig. 1(c). The loops are qual-
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FIG. 1. (a) Crystallographic directions of the hcp Co film and
geometry of the MOKE setup. (b) Relative orientation of the
sample with respect to the externally applied magnetic field
Hext parallel to (left panel) the [0001] easy magnetization axis
and (right panel) to the [112¯0] hard magnetization axis. (c)
Magnetization loops along the easy (orange) and hard (blue)
axes measured using the longitudinal MOKE.
itatively similar to the vibrating sample magnetometer
data presented in the Supplemental Material (SM) [36].
The probing configuration and laser setup are the same
as for the time-resolved data shown below. In this way,
the time-resolved data can be directly normalized with
respect to the magnetization loops.
The pump-probe experiments were performed with an
amplified Ti:Sapphire laser, with a temporal resolution of
approximately 40 fs, repetition rate of 1 kHz and a cen-
tral wavelength of 800 nm. As pump, we used the 400-nm
optical pulses generated by frequency doubling the fun-
damental of the laser, using a β-barium borate crystal.
As probe, we used the fundamental of the laser at 800
nm. The pump was incident at an angle θpump ≈ 10 de-
grees and the probe at an angle θ2 ≈ 55 degrees, as shown
in Fig. 1(a). In this configuration, we are optimized to
measure the longitudinal MOKE, proportional to the in-
plane component of the magnetization [37]. In addition,
the different pump and probe energies allow us to sup-
press coherent optical artefacts due to the formation of
transient gratings in the film [38].
Figures 2(a)-(b) show the TR-MOKE measurements
performed at selected fluences for the easy and hard
magnetization axes. The delay traces are calculated as
the difference of the delay traces recorded using mag-
netic fields of equal magnitude but opposite sign, and
then normalized by the amplitude of the magnetization
loops shown in Fig. 1(c). The applied magnetic fields
were ±400 mT and ±1000 mT for the easy and, respec-
tively, hard magnetization axis, enough to reach satu-
ration. These values were chosen to result in the same
effective field, as demonstrated by the measurement of
the sample FMR, see SM [36]. We have however checked
that none of the observations reported below depend on
the magnitude of the external field, given that the sample
is saturated. Plotting the difference of opposite fields al-
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FIG. 2. Transient magnetization dynamics in the hcp Co sam-
ple measured along the (a) easy and (b) hard magnetization
axes. The pump is s-polarized and the probe is p-polarized.
The calculated fluence absorbed by the film is given in the
legend.
lows for isolating the pure transient magnetic signal, and
remove the contribution from transient reflectivity signal.
The transient reflectivity is shown in the SM [36] and has
a maximum relative change of 0.2% for the highest flu-
ence. This value has to be compared with the maximum
relative change in Kerr rotation of about 20%. The much
larger variation indicates that the Kerr signal is measur-
ing genuine magnetization dynamics and not optical arti-
facts, i.e. ∆θK(t)/θK0 = ∆M(t)/M0 [39]. Furthermore,
we checked the dynamical Kerr rotation and ellipticity
of all combinations of s and p pump and probe polar-
izations [31, 40, 41], and the MOKE response stayed the
same in shape and amplitude, within the experimental
uncertainty.
The demagnetization curves shown in Fig. 2 illustrate
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FIG. 3. Fluence dependence of the fast recovery time τR1 of
the magnetization for (orange) easy and (blue symbols) hard
magnetization axes. Solid lines are linear fits to the data,
imposing the crossing of the origin of the plot.
the typical response observed in this experiment: a rapid
quench of the magnetization on a time scale of the order
of ∼ 100 fs followed by a fast recovery on the time scale
of ∼ 1 ps, and finally a much slower recovery on the 10
to 100 ps time scales. The figure also shows that the
maximum demagnetization increases monotonically with
the absorbed fluence. In order to accurately determine
the demagnetization and recovery time constants, we fit-
ted the ultrafast demagnetization data with the equa-
tion given in Ref. [42]. In those equations, the dynamics
is described by the decay time τm for the ultrafast de-
magnetization, τR1 for the fast recovery, and τR2 for the
slow recovery, which we can extract by a careful fitting
procedure described in the SM [36].
For the three fluences presented in Fig. 2, there is only
negligible difference (i.e. within the error bars) in the de-
magnetization amplitude at each fluence for the two dif-
ferent magnetization orientations. The change of demag-
netization time constant τm for these fluences is below
the resolution of our measurement [9], and we obtained
the best fit with τm = 130 fs for all these measurements.
By using this value for τm, we could reliably extract the
fast recovery time constant τR1 and the slow recovery
time constant τR2 for all the measurements. We also note
that the slow recovery time τR2 is a coarse approximation
of the dynamics, and which excludes the full response of
the magnetization including the ferromagnetic resonance.
Hence, we do not discuss it further in the following.
We instead focus on the fast recovery time τR1. Fig. 3
shows the extracted τR1 for both orientations as a func-
tion of the absorbed fluence. The fast recovery time in-
creases with increasing fluence, consistent with previous
reports [9, 43, 44]. In addition, we also observe that
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FIG. 4. Transient reflectivity (open symbols) and ultrafast
magnetization dynamics (solid symbols) measured with the
externally applied magnetic field parallel to the easy or hard
axis of magnetization in epitaxial hcp cobalt, for an absorbed
fluence of approximately 4 mJ/cm2. The dotted lines show
the time point of maximum demagnetization.
the fast recovery of the magnetization along the hard
axis orientation is always faster than for the easy axis
orientation. The data can be fitted assuming a linear
dependence and forcing the fit to go through the origin.
The slopes of the lines are approximately 360 fs cm2/mJ
for the easy magnetization axis, and 240 fs cm2/mJ for
the hard magnetization axis. Hence, and this is one of
the main experimental findings of this work, the ultra-
fast magnetization dynamics in hcp Co recovers system-
atically faster along the hard magnetization axis than
along the easy axis. In the absorbed fluence range up to
2 mJ/cm2, the ratio of the easy/hard slopes is approxi-
mately 1.5, i.e. the recovery is approximately 50% slower
along the easy magnetization axis. One could argue
that, if this is due to an intrinsic non-equilibrium spin-
scattering mechanism within the material, one would ex-
pect not only the magnetization recovery to be faster,
but also the quenching. However, the expected change
of the demagnetization time constant at these fluences
is comparable with the resolution of our measurement,
and such difference may be not measurable within our
experimental resolution.
In order test this hypothesis, we looked at slower de-
magnetization by increasing the maximum absorbed flu-
ence by a factor two, i.e. 4 mJ/cm2, close to the sam-
ple damage threshold, observed as a permanent change
in sample reflectivity and magneto-optical signal. The
data recorded at such fluence is shown in Fig. 4 for the
two magnetization axes, where we also show the corre-
sponding transient reflectivity. With the demagnetiza-
tion process slowed down, we can now resolve the differ-
4ent time constants of the quenching, with τm,hard ≈ 130
fs and τm,easy ≈ 180 fs, showing that indeed the hard
magnetization axis has an overall faster dynamics than
the easy axis. We also note that in this measurement
τm,easy/τm,hard ≈ τR1,easy/τR1,hard ≈ 1.38, suggesting
that the same microscopic mechanism is governing the
quenching and relaxation processes. This ratio is slightly
smaller than in the lower fluence cases, but it confirms
that the dynamics along the easy magnetization axis is
still substantially slower than the one along the hard axis.
This can be due to a saturation regime approaching, or
simply to sample non-uniformity. In order to check the
robustness of our results, we performed several measure-
ments weeks apart, with the sample and the setup both
dismounted and mounted again, and the absorbed flu-
ence varied between 1 and 2 mJ/cm2, far away from the
damage threshold. Over 10 independent measurements
for each axis, we found that the magnetization dynamics
along the easy axis recovers always slower than the hard
axis one, by 35± 19%. A summary of this data is shown
in the SM [36].
We now turn to the transient reflectivity data shown
in Fig. 4. Along both the [0001] (easy) and [112¯0] (hard)
axes, there is a measurable delay between the maximum
change in reflectivity and the maximum change in mag-
netization, by approximately 250 fs for the easy magne-
tization axis, and 150 fs for the hard magnetization axis.
This is similar to what was observed in Ref. [6] for bcc
iron pumped with 800 nm pulses and probed at shorter
wavelengths (500−540 nm). As stated in that work, this
indicates that the spin dynamics follows the onset of a
non-equilibrium electronic distribution.
In order to explain the magneto-crystalline anisotropy
of the de- and re-magnetization time constants, we con-
sider first the overall picture for energy transfer from the
laser-excited conduction electrons. The conduction elec-
trons thermalize within about 100 fs and transfer their
energy to the cold phonons due to electron-phonon cou-
pling. On a time scale longer than the initial electron
thermalization, this energy transfer process is reasonably
well described by the two-temperature model [45]. The
rate of increase of the lattice temperature is given by
Cph ∂Tph/∂t = G(Te−Tph) where Te (Tph) is the electron
(lattice) temperature, Cph is the lattice heat capacity,
and G is the electron-phonon coupling constant [46, 47].
This quantity can be computed ab initio; it is given by
[46]
G = 2pig(F )~kB
∫ ∞
0
dΩα2F (Ω) Ω , (1)
where g(F ) is the electronic density of states at the
Fermi level F , and α
2F (Ω) is the Eliashberg function,
with Ω the phonon frequency variable (for explicit ex-
pressions, see [26, 30]).
To investigate the dependence of G on the magne-
tization axis, we have calculated the phonon spectra
and electron-phonon matrix elements of hcp Co self-
consistently, using the ELK full-potential code [48]. Note
that the spin-orbit interaction was included, which allows
us to examine the influence of the magnetization axis on
G. We find a significant magneto-crystalline dependence
of G: for magnetization along [0001] the calculated cou-
pling was G = 1.8× 1018 Wm−3K−1, while for magneti-
zation along [112¯0] it was 2.8× 1018 Wm−3K−1. Hence,
the electron-phonon coupling for M along the hard axis
is about 50 % larger as for M along the easy axis.
Analyzing next where the magneto-crystalline
anisotropy in G comes from, we found that the dif-
ferences between the phonon dynamical matrices
and phonon spectra computed for the hard and easy
magetization axes are small (see the SM [36] for the
computed phonon spectra). However, we found that the
electron-phonon interaction is much more sensitive to
the magnetization direction, due to small shifts of the
energy levels near the Fermi energy induced by spin-orbit
coupling. The biggest changes in the electron-phonon
interaction were obtained for high energy phonons.
The implication of the larger electron-phonon coupling
G for the hard magnetization axis is a stronger transfer
of energy from hot electrons to cool phonons, and thus
a faster electron cooling, leading to a faster remagneti-
zation, which is fully consistent with the magnetization
dynamics measured for t > 0.5 ps. The high magneto-
crystalline anisotropy of the remagnetization rate corrob-
orates that the recovery is driven by a mechanism that
depends strongly on spin-orbit interaction, as the Elliott-
Yafet electron-phonon spin-flip scattering.
An accurate description of the demagnetization dy-
namics in the first few hundred fs is however a more
complex issue. Note that it is observed only at very high
fluences. Considering an electron-phonon picture, the
transfer of spin angular momentum from the electrons to
the phonons is given by the Elliott-Yafet electron-phonon
spin-flip scattering [9], which is exactly described by the
spin-flip Eliashberg function (see [26, 30]). This quantity
has a very similar spectral dependence as the conven-
tional α2F (Ω) but it is about 40 times smaller [26]. It has
nevertheless the same magneto-crystalline anisotropy as
the common α2F . The electron-phonon spin-flip scatter-
ing for M along the hard axis is thus larger, which would
imply a faster magnetization decay in the first few hun-
dred fs, consistent with our measurements. It needs to be
emphasized, though, that in this time interval there will
be nonthermal electron populations that depend on the
used fluence and several nonequilibrium processes that
can be involved, which would limit the validity of the
two-temperature model as well as of the here-used quasi-
equilibrium electron-phonon scattering description. We
can therefore only conclude that the right trend is given
on the very short time scale.
In conclusion, we performed ultrafast magneto-optical
pump-probe experiments on epitaxial hcp cobalt, in or-
der to measure the magnetization dynamics along the
easy and hard magnetization axes. We observed a sys-
tematic 35% slower quenching and relaxation dynamics
along the easy magnetization axis. Our ab initio calcula-
5tions reveal a large magneto-crystalline anisotropy in the
electron-lattice coupling and the Elliott-Yafet spin-flip
scattering, which explains the observed anisotropic mag-
netization dynamics. Our study furthermore introduces a
novel approach to probe, using wavelengths in the optical
range, the role of the lattice anisotropy in ultrafast mag-
netism. We envision that future experiments that mimic
our approach will be able to explore other crystalline ma-
terials with well-defined lattice structures. The investi-
gation of model systems, as opposed to polycrystalline
ones, allows moreover for theoretical models to be tested
to a greater accuracy. We anticipate that such studies
may give important hints towards completely solving the
question of the dissipation of angular momentum at ul-
trafast time scales, which is yet not settled after more
than two decades of research.
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1. Fitting procedure
In this section, we describe the detailed fitting procedure, and report all the extracted values. We stress again
that a careful fitting with properly chosen conditions is key to obtain meaningful parameters in cases like this, where
the number of free parameters is larger than those needed to fit the data. In order to accurately determine the
demagnetization and recovery time constants, we fitted the ultrafast demagnetization data with the equation given
in Ref. [1], namely
∆M(t)
M0
=
(
A1τR1 −A2τm
τR1 − τm e
−t/τm − τR1(A1 −A2)
τR1 − τm e
−t/τR1 − A2√
t/τR2 + 1
)
~G(t), (1)
where each parameter is defined as follows. ∆M(t)/M0 is the relative change in magnetization. Here, ∆M(t) is
the pump-induced change in magnetization measured with the time-resolved magneto-optical Kerr effect (MOKE),
while M0 is proportional to the saturation magnetization, measured as the maximum Kerr rotation when the external
magnetic field applied to the sample is large enough to saturate the sample. τm is the demagnetization time constant,
τR1 and τR2 are the fast and, respectively, the slow recovery time constants. A1 and A2 are adimensional constants
related to the magnitude of the demagnetization. The entire expression within the round brackets is convoluted with
a Gaussian-shaped temporal profile G(t) which accounts for the finite duration of the probe pulse.
There are totally five free fitting parameters (A1, A2, τm, τR1 and τR2) in Eq. (1), since the width of the Gaussian
function is fixed and set equal to the experimentally measured optical autocorrelation of the laser pulse, in our case
40 fs. We stress that a fit to the data performed using this equation with all the parameters running free, can
produce reasonable χ2 values but at the same time return recovery time constants that are clearly at odds with the
experimental evidence. This problem can be avoided by reducing the number of free parameters, considering the
constraints imposed by the realistic physical conditions. We first noticed that τm is extracted reliably even when all
parameters are free running, and we noticed that a value τm = 130 fs was able to accurately fit all the measurements
done in the low to medium fluence regime (≤ 2 mJ/cm2). This fact is consistent with the observation of Ref. [2],
where they estimated, in this fluence range, a maximum change of τm of less than 40 fs, which is also our experimental
resolution. For this fluence range, we could hence fix τm = 130 fs, and bring the number of free parameters to four.
We allowed again the fit to run free with now four parameters and looked at the adimensional amplitudes A1
and A2. The parameters A1 is related to the maximum demagnetization amplitude, but not the demagnetization
amplitude itself, whereas the parameter A2 is the demagnetization amplitude after the fast recovery. With the four
free parameters, we extracted the values of A1 and A2, and we checked that the extracted value of A2 corresponded
to the observed demagnetization amplitude after the fast recovery. After this step, we allowed A1 and A2 to vary
only within the error of the measurement, substantially fixing them.
Finally, with only two free parameters left, namely τR1 and τR2, we could get a robust and reliable fit of the
experimental data using Eq. (1) consistent with the experimental observations. All the parameters extracted are
reported in Table I.
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2The robustness in the determination of τR1 for easy and hard magnetization axes was checked with ten repeated
measurements by varying the pump fluence in the range 1− 2 mJ/cm2 for various regions of the samples the sample.
These measurements are summarized in Fig. 1(a) in the form of an histogram plots and ordered by increasing τR1
for the hard magnetization axis. Figure 1(b) shows a normalized Gaussian distribution of these recovery times for
the easy and hard axes orientations, whose half width half maximum is the standard deviation of the ten repeated
measurements. This plot is included to show schematically that even by completely neglecting the fluence dependence,
the extracted time constants for the hard magnetization axis cluster around a substantially lower value than the time
constants for the easy magnetization axis. This strongly prove the robustness of our results. We calculated the ratio
of easy axis to hard axis recovery time to be 1.35, and the standard deviation of the ratio to be 0.19, as reported in
the main text. We also performed measurements with four different combinations of pump and probe polarization.
Irrespective of these combinations, we obtained the same trend in the results as the ones reported here.
TABLE I. Table Extracted fit values using Eq. (1) for selected fluence values.
Amplitude (%) Relaxation time
Fluence (mJ/cm2) Easy axis / Hard axis A1 A2 τm (fs) τR1 (fs) τR2 (ps)
1 Easy -22 -5.5 130 350 15
Hard -21 -5.5 130 260 10
1.5 Easy -26 -7 130 520 17
Hard -27 -8 130 360 12
2 Easy -33 -10 130 750 20
Hard -34 -10 130 480 13
4 Easy -60 -18 180 730 23
Hard -59 -17 130 540 18
0
200
400
600
800
1000
1200
1 2 3 4 5 6 7 8 9 10
Measurement Number
(a)
Fa
st
 re
co
ve
ry
 ti
m
e,
 ! "#(fs
)
(b)
(b)
FIG. 1. (a) Fast recovery time constant τR1 of easy axis and hard axis for ten different measurements, with the absorbed fluence
varying between 1 mJ/cm2 to 2 mJ/cm2. (b) Gaussian distributions of the fast recovery time constants for the measurements
given in panel (a). The distribution for the easy axis is centered around 780 fs with a standard deviation of 175 fs whereas that
for the hard axis is centered around 550 fs with a standard deviation of 140 fs.
32. Structural and magnetic characterization of the sample
In this section, we present the measurements used to characterize the crystalline structure, magneto-crystalline
anisotropy and magneto-optical properties of the sample. The sample stack consists of 3 nm of platinum as the cap
layer, 15 nm of hcp-cobalt and 5 nm of chromium as the seed layer with MgO as the substrate.
Fig. 2 shows the out-of-plane and the in-plane structural characterization using X-Ray Diffraction (XRD). Panel
(a) of the figure shows that the c-axis is in the sample plane, while panel (b) is the rocking curve. Figure 3 shows the
saturation magnetization for the easy and hard axes orientations, measured using a Vibrating Sample Magnetometer
(VSM). A bias field of approximately ±50 mT is required to saturate the sample along easy axis, whereas a field of
±800 mT is required to saturate it along the hard axis direction. The MOKE magnetometry measurements for the
easy and hard axes orientations are given in Fig. 4. We used p-polarized, 800 nm low-intensity femtosecond optical
pulses for this measurement. They have the same qualitative shape of the magnetization loops measured using the
VSM. The Kerr rotation corresponding to the saturation magnetization is 0.7 mrad. This value was used as M0 to
calculate the relative change of magnetization in Eq. ((1)).
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FIG. 2. XRD characterization of the sample. (a) 2θ scan for out of plane characterization. (b) Rocking curve of cobalt layer
for in plane characterization. The FWHM of the rocking curve is about 1.5 degree.
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FIG. 3. Magnetic characterization of the sample using a VSM. Magnetization loops measured in the plane of the sample along
(a) the easy axis of magnetization [0001] and (b) the hard axis of magnetization [112¯0].
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FIG. 4. Characterization of the sample using the magneto-optical Kerr effect. Kerr rotations measured in the plane of the
sample along (a) the easy axis of magnetization [0001] and (b) the hard axis of magnetization [112¯0].
53. Pump-probe measurements: additional data
Fig. 5 shows the pump-induced reflectivity change in the sample. We measured the change in reflectivity of p-
polarized probe following the pump excitation. The maximum observed change of reflectivity is less than 0.2% when
pumped with a pulse of fluence 2 mJ/cm2, whereas the relative change in the magneto-optical response was two orders
of magnitude larger.
We also observed and characterized the FMR of the sample. Fig. 6(a) shows FMR oscillations for easy and hard
axes orientations with a bias field of 1 T. The observed FMR frequency of the hard axis is 34 GHz and that of the
easy axis is 55 GHz. This difference in FMR frequency between easy and hard axes is understood in terms of the
different effective fields along the two directions, caused by the magneto-crystalline anisotropy of cobalt, which is
estimated to be approximately 0.6 T [3]. In order to check the consistency of our arguments, we repeated the easy
axis measurement with a lower saturation bias field of 0.4 T, which in addition to the anisotropy field would give 1 T,
and thus it is expected to give approximately the same FMR frequency as for the hard axis saturated at 1 T. Figure
6(b) shows the comparison of these two measurements, and indeed the extracted FMR frequency is approximately
the same (34 GHz) for both orientations. We also repeated the measurements with various bias fields, all above the
saturation field for the respective axis, and observed that none of our results (in particular the extraction of the fast
recovery time constant τR1) are sensitive to the bias field value.
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FIG. 5. Transient reflectivity dynamics measured along the (a) easy [0001] and (b) hard [112¯0] magnetization axes. The pump
is s-polarized and the probe is p-polarized. The calculated fluence absorbed by the film is given in the legend.
0 10 20 30 40 50 60
Time(ps)
0.4
0.2
0.0
0.2
0.4
K/
K (
%
)
(a)
hard, 1 T = 34 GHz
easy, 1 T = 55 GHz
easy axis - 1T
hard axis - 1T
0 10 20 30 40 50 60
Time(ps)
easy, 0.4 T = 34 GHz
(b)
easy axis - 0.4 T
hard axis - 1T
FIG. 6. FMR measurements for easy and hard axes of magnetization when (a) external bias field of 1T for both directions,
and (b) when the easy axis is saturated with 0.4 T and the hard axis with 1 T bias fields.
64. Calculated phonon dispersions
The phonon dispersions of hcp Co were calculated ab initio, using the first-principles formalism outlined in the
main text. In Fig. 7 we show the computed phonon dispersions along high-symmetry lines in the hcp Brillouin zone,
for the magnetization either along the hard or the easy magnetization axis.
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FIG. 7. Ab initio calculated phonon dispersions of hcp Co, for magnetization M either along the easy magnetization axis
([0001]) or along the hard axis ([112¯0]).
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